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Microbial fuel cell (MFC) is a device harnessing microorganisms to 
harvest electricity from wastewater. It shows great promise because of its 
ability for simultaneous energy recovery and wastewater treatment. However, 
it is still in its infancy with problems to be solved. For the membrane, it needs 
to be selective for target molecules, corrosion-resistant and affordable. In the 
cathode chamber, oxygen is often applied in the presence of expensive 
platinum-based catalyst to achieve good performance, which brings high cost 
and thus hinders further practical applications of MFCs. In this thesis, these 
two elements are optimized in two parts. 
In the first part (Chapter 2), nanoporous membranes are examined as 
separators to substitute ion exchange membrane. It was found that membranes 
with different pore sizes and materials performed differently. Polyethersulfone 
membrane-based MFC yielded the highest power, 92% comparing with that 
based on cation exchange membrane. It also possessed the lowest internal 
resistance among the selected membranes possibly because of better proton 
conductivity. Considering other parameters, polyethersulfone membrane 
showed less satisfactory results because of the bigger pore size allowing 
organics and electrons to cross over the membrane to cathode chamber, 
resulting in lower COD removal and lower columbic efficiency. From a 
general point of view, polyethersulfone membrane could be a cheaper 
alternative as MFC separators. As for other membranes, comparable power 
outputs with varied COD removal efficiencies were also achieved. 
 X 
 
In the second part (Chapter 3-5), cathode catalysts in microbial fuel cells 
were studied. Several noble metal-free catalysts, namely manganese dioxide, 
manganese-polypyrrole-carbon nanotube composite and polyelectrolyte-
carbon nanotube composite, have been synthesized and demonstrated as 
efficient and stable cathode catalysts for oxygen reduction reaction (ORR). 
Prepared by various methods, these catalysts were comprehensively 
characterized. Subsequently, electro-catalytic capability of these novel 
catalysts in neutral electrolyte was investigated by cyclic voltammetry. To 
further verify catalytic capability of these catalysts, they were utilized as the 
cathode catalysts in air-cathode MFCs. It was found that these catalysts 
yielded efficient and stable performance with maximum power comparable to 
platinum/carbon black (Pt/C) catalyst. Furthermore, the catalysts showed good 
long-term stability which is essential for MFC study. Compared to Pt/C 
catalyst, these noble metal-free catalysts sacrificed electricity generation 
performance to some extent and reached a compromise between power output 
and capital cost, thus increasing the feasibility towards MFC practical 
applications. In addition, the three catalysts developed in this dissertation 
represent three promising research directions for noble metal-free oxygen 
reduction catalysts, and more effort could be made for further improvement by 
applying different components.  
In the future, novel application of MFCs such as bioremediation reactor or 
on-line sensors could be explored, and our cost-effective catalysts will 
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Chapter 1. Introduction 
In the past decades, owing to the shortage of fossil fuels and significant 
influences of global warming, alternative energy sources have been urgently 
required and research work in this field has greatly intensified. Biomass 
energy is a promising renewable alternative because of its ultimate source of 
sunlight and availability in large amounts as residual biomass. However, it is 
an inconvenient energy carrier for industrial use because of its low energy 
density and impracticable transportation. Therefore, it would be ideal to 
convert it into other energy forms, including methane, hydrogen gas and 
bioelectricity. On the other hand, the large amount of residual biomass still 
needs special treatments with considerable energy consumption if not properly 
utilized for energy recovery. Microbial fuel cell (MFC) comes into being in 
response to these demands/ problems.1 
Briefly, an MFC is a reactor to convert energy in biomass residue 
(especially wastewater) into bioelectricity (Figure 1). It comprises a bioanode, 
a cathode and normally a separator. Exoelectrogenic microbes (electroactive 
bacteria) form a biofilm on the surface of anode to degrade organic matters 
into small molecules with electrons and protons. Electrons travel along the 
external circuit from the anode to cathode for electron acceptor reduction, 
while protons migrate through the separator in the opposite direction to 
complete a whole circuit. The net result of an MFC is simultaneous organic 
matter degradation in wastewater and electricity recovery, presenting great 
promise in terms of energy recovery. 




Figure 1. Diagram for basic structure of a microbial fuel cell. 
 
Nonetheless, challenges still remain in MFC development, e.g. 
exoelectrogenic bacteria species,2 scalable configurations,3 high capital cost,4 
etc. To achieve higher power output, electron acceptor at the cathode is one of 
the key factors to be optimized.5 In an MFC, the overall voltage generated is 
determined by the potential gap between cathode and anode. For a fixed anode 
potential, the higher the cathode potential induced by electron acceptors, the 
higher the overall voltage is. Till now, many compounds have been 
investigated as electron acceptors, e.g. ferricyanide, nitrate and oxygen. 6 
In the following part of introduction chapter, fundamentals of MFCs will 
first be introduced, and then membranes and various electron acceptors are 
Chapter 1. Introduction 
3 
 
addressed. Following on, oxygen is selected as the electron acceptor and 
catalysts for oxygen reduction reaction (ORR) are discussed and evaluated; 
strengths and limitations of previous catalysts are addressed, leading to the 
objective of this thesis. 
1.1 FUNDAMENTALS ABOUT MFCS 
1.1.1 Thermodynamic fundamentals 
MFC is a galvanic cell. Redox reactions occur spontaneously at anode and 
cathode, inducing a negative Gibbs free reaction energy. Therefore the 
standard cell voltage for an MFC could be calculated accordingly. 
' ' '
, ,
/i i products j j eductsE v G v G nF
θ θ θ ∆ = − ∆ − ∆ ∑ ∑          Equation 1 
Here, the values of Gθ∆  represent the free energies for the formation of 
respective products and educts, v is the stoichiometry factor of the redox 
reaction, n (dimensionless) is the number of electrons transferred in the 
reaction and F (96500 Cmol-1) is the Faraday’s constant. 
A positive standard cell voltage would be generated, because of a negative 
Gibbs free reaction (Equation 1), making MFC an exergonic device. For a 
single electrode, the theoretical ideal potential could be predicted from the 
electrode reaction by Nernst Equation thermodynamically (Equation 2): 
' ln( )RTE E
nF
θ θ
= − Π                                                Equation 2 
where Eθ’ (V) is the theoretical potential generated for reactions under the 
experimental conditions, Eθ (V) is the standard potential under standard 
conditions (chemical activity = 1 for all reactants and products, 298 K), R 
(dimensionless) is ideal gas constant, T (K) is the reaction temperature, and Π 
(dimensionless) is the chemical activity of products divided by those of 
reactants. 
+ -
2 4 2 2 2C H O +2H O 2CO +8H +8e→  
' 290anodeE mV
θ
= −          Equation 3 
Acetate is a common choice of substrate in a lab-scale MFC reactor. 
When it is applied as the anodic half reaction and combined with various 
Chapter 1. Introduction 
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cathode reactions, a large range of standard cell voltages could be generated 
(Table 1). In a practical situation, however, the effective cell voltage is 
considerably lowered in presence of electrochemical overpotential (losses), ηi. 
( )' ' 'Cat Ancell i iE E E Eθ θ θη η= ∆ − = − −∑ ∑                            Equation 4 
Thus, the occurrence of overpotential leads to the fact that less energy is 
produced in a galvanic cell than thermodynamically possible (lower cell 
voltage). The sources of the electrochemical losses that cause the reduction of 
the cell voltage are illustrated in the following section. 
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Table 1. Reactions for various electron acceptors reviewed. 
Electron 
acceptor 
Cathode reaction Eθ a/ V Eθ’ a/ V ∆Eθ a/ V ∆Eθ’ a/ V Conditions 
Fe(CN)63- Fe(CN)63-+e-→Fe(CN)64- 0.36 0.36 0.65 0.65 [Fe(CN)63-] = [Fe(CN)64-] 
MnO4- MnO4-+3e-+4H+→MnO2+2H2O 1.70 1.10 1.99 1.39 [MnO4-] = 5 mM, pH = 7 
O2 O2+4e-+4H+→2H2O 1.23 0.80 1.52 1.10 pO2 = 0.2, pH = 7 
NO3- 2NO3-+10e-+12H+→N2+6H2O 1.25 0.73 1.54 1.02 [NO3-] = 5 mM, pN2 = 0.2, pH =7 
NO3- NO3-+2e-+2H+→NO2-+H2O 0.84 0.42 1.12 0.71 [NO3-] = [NO2-], pH=7 
ClO4- ClO4-+8e-+8H+→Cl-+4H2O 1.29 0.87 1.58 1.16 [ClO4-] = [Cl-], pH = 7 
S2O82− S2O82−+2e−→2SO42− 1.96 1.96 2.25 2.25 [S2O82−] = [SO42−] = 5 mM 
Cr2O72- Cr2O72-+6e-+14H+→2Cr3++7H2O 1.36 0.42 1.65 0.71 [Cr2O72-] = [Cr3+] = 5 mM, pH = 7 
VO2+ VO2++ e-+2H+→VO2++H2O 1.00 0.17 1.29 0.46 [VO2+] = [VO2+], pH=7 
Cu2+ Cu2++2e-→Cu(s) 0.34 0.27 0.63 0.56 [Cu2+] = 5 mM 
Chapter 1. Introduction 
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-N=N- −N=N−+2e-+2H+→−NH=NH− N. A. b N. A. N. A. N. A. N. A. 
-N=N- −N=N−+4e-+4H+→‒NH2‒NH2‒ N. A. N. A. N. A. N. A. N. A. 




N. A. N. A. N. A. N. A. N. A. 
a. Eθ is the standard potential for the oxidant at 25 oC. Note: Chemical reactivities of all the reactants and products were 1 M, for 
gaseous component, p=1, p is pressure; Eθ’ is the potential calculated using Equation 2 and standard potential (Eθ) under practical conditions 
(indicated as conditions) at 298 K. Note: M stands for mol/L; ∆Eθ and ∆Eθ’ are the potentials calculated when combined with the anode 
reaction in Equation 3. 
b. N. A. represented “not available”. 
 1.1.2 Electrochemical losses of MFCs
In this section, an overview on 
provided and the sources of these losses
As shown in Figure 2, a polarization curve is plotted by cell voltage against
current flow while a power curve is plotted by power output against current flow. 
According to different polarization levels indicated by current flow, four 
categories of losses could be 
Figure 2. Polarization curve (electrochemical losses) and power curve of MFCs.
 
Open circuit region:
major losses. Both losses
catalyst properties. The thermod
deviation from the standard cell voltage 
conditions due to the presence
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the major electrochemical losses in MFC
 are identified. 6 
summarized.    
 
 
 There is a negative deviation at OCV because of two 
 are not related to current flow but rather 
ynamic overpotential (ηthermo.) refer
calculated at respective experimental 






s to the 
the loss is 
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determined by the corrected biological standard potential of substrate, the 
extracellular electron transfer species and the outer membrane cytochrome. Side 
reaction overpotential (ηsidereact) is introduced by the unwanted reactions 
decreasing not only the efficiency in electron utilization (coulombic efficiency) 
but also the voltage generated due to mixed potential formation. Incomplete 
reactions, substrate crossover with internal current, biomass production by 
metabolism in biofilms (bacteria survival and proliferation) are the major 
categories of side reactions. 
Region I 
MFC combines conventional heterogeneous electrocatalysis and 
bioelectrocatalysis in both electrodes. In a conventional heterogeneous 
electrocatalysis (e.g. at metals or metal oxides), the overpotential is brought by 
the interfacial kinetics (ηsur.kinet.) at low current flow. However, in a 
bioelectrocatalysis system, another rate-limiting step because of metabolism is 
introduced as turnover rate (ηturnover), making the actual substrate conversion 
reaction departed from for the interfacial kinetics. Nevertheless, the loss by 
turnover rate often occurred at high current flow, and would be further illustrated 
in Region III. 
Region II 
In this region, the ohmic overpotential (ηohm) is caused by the resistance of the 
electrodes, electrolyte solution, and the separator membrane against the flux of 
ions as well as of the electrode materials against the electron flow. Both the 
electron flow and ion flux resistance obey Ohm’s law. Thus, the ohmic 
polarization is proportional to the current: ηohm= i×Rin, where i is the current flow, 
and Rin is the total cell resistance, comprising electronic, contact and ionic 
resistances. Therefore, the polarization curve exists in linear pattern in this region 
with the slope of ohmic resistance. Moreover, it was easily to be calculated that 
when the external resistance (Rex) equals Rin, maximum power on external 
Chapter 1. Introduction 
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resistance (Pmax) will be generated as illustrated in the power curve (Figure 2). 
Region III 
The concentration overpotential (ηconc.) is caused by fast reactant consumption 
with insufficient substrate supply as well as accumulation of products at the 
electrode surfaces at high current flow. The generation of pH gradients could also 
be viewed as concentration overpotential. It typically exists in biological systems 
which mostly operated at near-neutral pH range and at often low ionic strength, 
attributed to the insufficient proton transfer across the membranes. Other than 
this, loss determined by kinetics also exists in bioelectrocatalyst system as 
substrate turnover at the catalytic active sites (ηturnover). At increasing current 
density the catalytic centre of a biocatalyst (enzyme or microorgansim) is not able 
to further increase the supply of oxidation/reduction equivalents to respective 
electrodes. This is simply determined by the microbial metabolic rate and it shows 
similar appearance in a polarization plot to the concentration overpotential in 
region III. 6 
'
. . . . .cell ohm conc thermo sidereact sur kinet turnover
operational losses catalyst based losses
E Eθ η η η η η η
− − −
= ∆ − − − − − −∑ ∑ ∑ ∑ ∑ ∑1442443 1444444442444444443  
Equation 5 
As summarized in Equation 5, the potential losses can be divided into (i) 
operational losses that are determined by fuel cell design (membrane selection, 
section 1.2), mass transfer limitation, electrolyte conditions (pH, ionic strength) 
and (ii) catalyst based losses that are associated with electrocatalysts (section 1.3)  
1.2 MEMBRANES IN MFCS. 
In MFCs, membranes are mainly used as separator/barrier to keep the oxidant 
in the cathode side from reaching the anode biofilm and also keep the liquid 
containing the organic matters in the anode chamber from reaching the cathode to 
reduce internal current. The membrane could be immersed with aqueous 
electrolyte in dual-chamber MFCs and always saturated, and it could also be used 
in single-chamber MFCs by incorporating membrane-cathode-assembly (MCA) 




The main challenge in choosing a membrane is to find one selective for the 
target charge-carrying species. Protons are generated at the anode by 
exoelectrogenic bacteria, and consumed at the cathode through electron acceptor 
reduction, but it is not the only choice as dominant charge-carrying species 
through the membrane. Cations, such as K+ and Na+, present at higher 
concentrations than H+, possess higher possibility to be the charge-carrying 
species. This transfer of positive charges rather than protons induces pH 
imbalances around the electrodes. Bipolar membrane could possibly be used to 
solve the problem. In addition, non-selective nanoporous membranes allowing 
both the cation and anion to pass through under the driving force of concentration 
gradient could be tried. Another function of the membrane is to reduce the oxygen 
diffusion from cathode to anode, and therefore maintain the dominant species as 
exoelectrogenic bacteria in anode biofilm. Considering these, Nafion membrane is 
normally selected as proton exchange membrane (PEM); with the use of buffer 
solution for pH stabilization, and cation exchange membrane could also be used. 
These two types of membranes are quite expensive, and nowadays some cheap 
materials are applied despite sacrificing some performance, to facilitate future 
scaling up. 7 
1.3 CATHODE REACTIONS IN MFCS. 
As described in section 1.1, the voltage generated by MFC could be calculated 
using Equation 4. With a fixed anode (material, bacteria, wastewater feature, etc.), 
the cell voltage is related to the electron acceptor species ( catE θ ), operation-related 
losses (
.ohm concη η−∑ ∑ ), and also catalyst-related losses 
(
. . .thermo sidereact sur kinet turnoverη η η η− − −∑ ∑ ∑ ∑ ). The inevitable operation-related 
losses are quite dependent on the cell configurations (Figure 3) and electrolyte 
condition, while the selection of electron acceptor species and the catalysts for 
 reaction acceleration could be optimized for higher electricity generation.
. . . . .
ln( ) ln( )cell i cat an
ohm conc thermo sidereact sur kinet turnover
operational losses catalyst based losses
RT RTE E E E
zF zF
θ θ θ
η η η η η η
− − −
= − Π − = − − Π
− − − − − −∑ ∑ ∑ ∑ ∑ ∑1442443 1444444442444444443
 
Figure 3. Typical cell configurations applied in MFC reactors.
a). H-type MFC; b). Single
chamber tubular MFC; e). Double
be varied, e.g. plain carbon paper, carbon
graphite; DAS: data 
 
Till now, many electron acceptors and catalyst species have been investigated. 
In this section, two parts would be discussed as (1) electron acc
MFCs, (2) electrocatalysts applied in air







-chamber cubic MFC; c). Double-chamber cubic MFC; d). Single
-chamber tubular MFC. Note: the electrode materials could 
 cloth, carbon felt, carbon brush and granular 
acquisition system; Rex: external resistor.
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1.3.1 Electron acceptors in MFCs 
In early days, anode reactions drew much attention while recently researchers 
have put more effort into cathode side with various electron acceptors (Table 1). 
In this part, these electron acceptors will be reviewed in three categories. 
1.3.1.1 High energy electrolyte 
Ferricyanide was a common choice for early MFC investigations because of 
its high redox potential, easy operation, and fast kinetics.8 However, ferricyanide 
is not suitable for extensive and long-term cathode applications due to its 
unsustainability and demand for regular replenishment. It has been commonly 
selected as a standard element for investigations of MFC designs, anode bacteria, 
substrates and other parameters including pH value, electrode and membrane 
materials. Moreover, ferricyanide has also been used frequently as a benchmark to 
evaluate various electron acceptors. Another oxometallate, permanganate has also 
been used as an alternative. You et al. first used it in an H-type reactor and a 
bushing reactor (type a and e in Figure 3), it showed even better performances in 
power generation than ferricyanide in both reactors.9 These high energy 
electrolytes could be used to explore the best electric performance and optimize 
the operational conditions in laboratory-scale MFCs. However it was unsuitable 
to incorporate them into scalable devices for practical applications. 
1.3.1.2 Pollutants in wastewater 
Some cations and anions exist in wastewater as pollutants. They need to be 
removed before further processing. To this end, some metallic and nonmetallic 
salts have been applied as electron acceptors. 
Nitrogen containing compounds mainly exist in domestic wastewater as 
ammonium (NH4+) and nitrate (NO3-). Clauwaert et al. first reported an MFC 
study with both bioanode and biocathode for simultaneous organic removal, 
power production and total denitrification,10 and optimized the conditions soon 
after.11 Meanwhile simultaneous carbon removal, nitrification and denitrification 
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were also studied (NH4+ and NO3- removal) with a loop configuration.12,13 In 
these studies, biocathodes were inoculated by seeding with different types of 
sludge and sediments as inoculums, and the microbial community included 
mainly denitrifying bacteria,14,15 and also ammonium-oxidizing bacteria in 
Virdis’s reactors.12 Although the mechanism for denitrification was still unknown, 
N2 should be the main product with the byproducts of NO2- 15, and N2O 16 or the 
intermediate product of NO2- 14 respectively. The variation of reduction products 
could be due to different strains with different reduction pathways. Perchlorate 
17,18
 and persulfate 19 were also reduced in the presence of oxysalt-reducing 
bacteria in MFC cathodes with good removal efficiency. Because of the high 
theoretical redox potential but slow electron-reduction kinetics, persulfate 
acceptors yielded high OCV but only median power density. 
Some heavy metal containing-ions do not biodegrade into harmless end 
product, thus need special methods for removal. Moreover, some of these heavy 
metal containing groups have high redox potentials and could be used as electron 
acceptors while they themselves are degraded and precipitate for separation. Li et 
al. and Wang et al. reported their work using Cr2O72- as electron acceptor on 
abiotic cathodes respectively, 20,21 and Cr (VI) reducing bacteria were also applied 
to achieve better removal at lower initial concentrations comparing to the abiotic 
cathode.22,23 VO2+ 24,25 and Cu2+ 26,27 were also discovered as fine acceptors for 
energy recovery with heavy metal recoveries. 
Away from metallic and non-metallic salts, organic pollutants could also be 
applied as electron acceptors. Li et al. used nitrobenzene as cathode reactant 
recently. In the NB-cathode MFC, a median voltage (0.4 V) was successfully 
generated without mediator or catalysts, meanwhile nitrobenzene was degraded 
completely within one day at a high removal rate. This could be a future trend for 
organic contamination removal.28 Azo-dye-feeding cathode was also incorporated 
into MFC reactors by reducing N-N double bond to hydrazo or amine recently. In 
such way, methyl orange, Orange I, and Orange II could be successfully 
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meanwhile methyl orange-cathode MFCs generated a comparable power output 
against that of an air-based cathode.29  
These applications represented the achievements for simultaneous energy 
harvesting and cathode pollutant removal and may stimulate further research in 
this field. 
1.3.1.3 Gases 
Carbon dioxide and oxygen has been applied as gaseous electron acceptors in 
MFCs. Carbon dioxide has been investigation mainly as a method for carbon 
sequestration30 while oxygen is known as the most promising electron acceptor 
for its high redox potential in ORR with its abundance in air, easy availability and 
low cost. However, the slow reaction of ORR brings high overpotential and limits 
the electricity generation of air-based MFCs. Therefore, many studies have been 
carried out to accelerate ORR, and will be discussed in the following part. 
1.3.2 Oxygen reduction catalysts in MFCs. 
Oxygen is known as the most promising electron acceptor as illustrated 
above, and ORR is the heterogeneous electrode reaction attracting much research 
attention.  Although there is no conclusive ORR mechanism, there are two 
competitive theories: (1) O2 is reduced directly to H2O through a four-electron 
reduction process (Equation 7); (2) O2 is reduced through a two-electron process 
to H2O2 (Equation 8), which is then reduced to H2O by accepting two electrons 
(Equation 9), or disproportionates into H2O and O2 (Equation 10). 
2 24 4 2O H e H O





 = 1.23V                             Equation 7 
2 2 22 2O H e H O





= 0.69 V                             Equation 8 
2 2 22 2 2H O H e H O
+ −+ + →      
2 2 2
'
/H O H OE
θ
= 1.77 V                           Equation 9 
2 2 2 21/ 2H O H O O→ +                                                                 Equation 10 
For the two-electron pathway, reaction in Equation 8 and Equation 9 should 
result in the identical electrode potential to the four-electron pathway because of 
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their equal contribution to the overall electron flow, i.e. 
2 2 2 2 2 2 2 2
' ' ' '
/ / /1/ 2 1/ 2cat O H O O H O H O H OE E E E
θ θ θ θ
= = + . However, reaction in Equation 9 is 
slow in many cases, while reaction in Equation 10 contributes to a certain extent 
without electron flow. Apart from these two pathways (Equation 9, 10), a fraction 
of H2O2 molecules could also be released directly into electrolyte solution. The 
H2O2 disproportionation and direct release processes cause not only the reduction 
of cathode potential as 
2 2 2 2 2 2 2 2
' ' ' '
/ / /cat O H O O H O H O H OE E xE yE
θ θ θ θ
= = +
 ( x >1 / 2 , y <1 / 2 ), 
but also the in-situ production of H2O2 which may act as an aggressive oxidizing 
agent that attacks catalytic centers as well as electrode backbone material and thus 
decreases the long term stability of the cathode.6 Therefore, four-electron process 
would be preferred in ORR application. However, in the absence of catalysts, 
two-electron process normally plays the predominant role with lower reaction 
potential and reduced material life time. Therefore, electrocatalysts are required, 
and developed consequently to induce the reaction through four-electron process. 
Different from fuel cell and alkaline batteries, neutral environment presents 
possibly bigger challenge for catalysis because the reaction equilibrium cannot 
shift towards reduction direction because of abundant H+ or OH- ions. 
In the following part of this section, various ORR catalysts will be reviewed 
in four categories: (1) platinum-based catalyst viewed as a benchmark material for 
ORR catalysis (Figure 4A); (2) enzyme catalyst (Figure 4B); (3) microorganism 
catalyst (Figure 4C); (4) other chemical catalysts (Figure 4A). 
  
Figure 4. Schematic illustration of three main categories of cathode catalys
A) Classical (chemical) electrocatalysis, B) Biomolecule (Enzyme) catalysis, C) Microbial 
1.3.2.1 Platinum-based catalyst
Platinum (Pt) on carbon black support is the most commonly used catalyst for 
ORR with increased oxygen affinity and apparent four
process.5 As demonstrated, Pt
increase in power output compared to a plain carbon cathode MFC,
demonstrates the significance of cathode reactions on the overall MFC 
performance. However, Pt
stability, and this is mainly due to (
contact because of carbon support corrosion, (2) Pt dissolution and redeposition, 
or Ostwald ripening of Pt nanoparticles, decreasing active surface area, (3) 
aggregation of Pt nanoparticle driven by surface
nanoparticle dissolution and subsequent migration of the soluble Pt
within the electrolyte, bringing catalyst loss.
limited reserve hinder the usage of Pt catalyst. To reduce the
Pt-loading was investigated down
that for 2 mgcm-2 was obtained, and therefore this approach could be utilized to 





-based MFC could achieve one order of magnitude 
-catalyst possesses the strong disadvantage of poor 
1) loss of Pt nanoparticles from electrical 
-energy minimization, and (4) Pt 
32,33
 Other than this, the high cost and 
 usage of Pt, lower 
 to 0.1 mgcm-2 and comparable performance to 
 
is in MFCs.  
31
 which also 
2+
 species 
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reduce the capital cost for Pt-based MFCs.34 In practical applications, Pt-based 
catalyst is still not suitable for extensive use, new alternatives with good 
performance and low cost are required. In laboratory-scale MFCs, Pt-based 
catalyst is nowadays used as the benchmark material to evaluate other bio- and 
abio-alternatvies, or used as a standard stable cathode to investigate other factors 
affecting MFC performances, e.g. configurations, anode bacteria. 
1.3.2.2 Enzyme catalysts 
Enzyme-based biocatalysts were applied in MFCs.35-38 MFC with Laccase (T. 
versicolor), yielded 10-fold increase of the maximum power density compared 
with the control Pt-based MFCs of similar design, and the open circuit voltage 
(OCV) reached 1.1 V in the presence of a mediator.37 Following on, to eliminate 
the use of mediators enzymes are immobilized by connecting the bioentity 
strongly to the electrode in the correct orientation, either by directed covalent or 
strong, noncovalent bonding, e.g. multisite electrostatic interactions. The 
immobilization confer a higher stability and extend the lifetime or activity to days 
since the matrix provides to biological structures a microenvironment which is 
able to protect the bioentities from harsh environmental conditions.36,38,39 In terms 
of long-term application, display of specific enzyme onto a host cell surface could 
be a solution, where the enzyme could be regenerated by the host cell with highly 
extended lifetime and reduced cost for continuous enzyme supply. 
1.3.2.3 Microorganism catalysts 
Microorganism is another category of biocatalysts with low cost, easy self-
generation potentials in spite of unclear electron-transfer mechanism. With the 
assistance of respective mediators (MnO2/Mn2+, Fe3+/Fe2+) manganese oxidizing-
bacteria were first utilized as the biocatalyst in 2005,40 and ferrous-oxidizing 
bacteria were similarly investigated soon after.41 Subsequently, mixed cultures 
were inoculated with various inoculums as the biocathodes.42-44 Isolated strains 
were also tested to be catalytic for ORR,45-49 and could be incorporated into 
Power generation for microorganism-catalyzed air-cathode MFCs were relatively 
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high, indicating that the reduction of activation loss played a more predominant 
role than the energy loss for microorganism consumption. However, for 
microorganisms, bacteria densities and heterotropic/autotrophic growth because 
of organic crossover are not as easily controllable as abiotic catalysts, therefore 
reducing robustness. In addition, the microorganism-based MFCs usually include 
an aeration system in aqueous cathode compartment, bringing additional 
operational cost in practical applications. 
1.3.2.4 Other chemical catalysts 
Some other noble metal-based catalysts were also investigated with good 
activity as alternatives, including gold (Au),50 palladium (Pd)51 and platinum 
(Pt)51,52-based alloys. Nevertheless, these noble metals-based alloys are still not 
applicable in terms of practical application, and noble metal free catalysts with 
lower cost are still needed. 
Modified carbon materials,53,54 metal macrocycles,34,55-58 metal oxides59-64 
and efficient intermediate electron acceptors65-67 were investigated. Most of these 
catalysts developed yielded comparable performances to Pt-based MFCs in terms 
of power output. Among them, macrocycle catalysts showed satisfactory electric 
performance with high power outputs, low internal resistances and high OCVs. 
This biomimetic catalyst could be viewed as an efficient catalyst for ORR; 
nevertheless, the stability of metal porphyrins was unsatisfactory, and additional 
modification method including pyrolysis was applied to improve stability. Metal 
oxides possessing relatively high performance with easy preparation and good 
stability could be further investigated in the future. 
1.3.3 Summary 
To evaluate the catalysts above, there are several criteria to be considered: 
thermodynamic performance, kinetic performance, selectivity, longevity, catalyst 
cost, and operational cost.  
(1) Thermodynamic catalyst performance: The cathode is evaluated by the 
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open circuit cathode potential (OCV when identical anodes are applied), which is 
related to the formal potential of the target reaction under the respective 
conditions (pH, temperature). 
(2) Kinetic catalyst performance: The kinetics of the cathode reaction at an 
electrocatalyst requires consideration of conventional electrode kinetics as well as 
biological turnover kinetics. Both types of kinetics limitations appear at different 
electrode polarizations and thus cannot be evaluated by one simple method. For 
practical evaluation of the kinetic catalyst performance, the reported maximum 
power densities may be used. These values, however, have to be analyzed 
together with electrolyte conditions since they are often affected by mass transfer 
limitations of the respective reactions. 
(3) Selectivity: Selectivity is important for a catalyst since the side reactions 
at the catalyst moiety will decrease the performance. 
(4) Longevity: The catalysts’ long-term stability is evaluated under 
continuous operation. The longevity are affected by processes that alter the 
catalyst structure and composition (e.g., via catalyst dissolution, bleaching and 
denaturation) and thus lower the performance. Furthermore, irreversible catalyst 
poisoning has to be considered as a severe effect especially under real application 
conditions. Membrane and electrode fouling should be considered as well since 
the performance would decrease after the inoculation stage. 
(5) Catalyst cost: This parameter is evaluated including the raw material cost. 
There could be variation between lab-scale synthesis and plant-scale production 
after commercialization in the processing procedure, and thus is not considered in 
evaluating this parameter. 
(6) Operational cost: Aeration in dual-chamber MFCs brings continuous 
energy consumption while single-chamber MFCs eliminate this operation with 
reduced energy consumption. This parameter is evaluated in lab-scale reactors 
since most of the studies are reported in milliliter to liter scale. Whether these two 
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operation modes are suitable in scalable reactors is not considered in this part. 
Higher score in this attribute presents lower operational cost, making it more 
competitive. 
Radar charts are plotted with the six criteria (Figure 5). All catalysts have 
their specific strengths, but also possess considerable weaknesses. Pt will always 
be too expensive and is thus unaffordable for MFC purpose. Enzymes with 
excellent performance may be applied in disposable MFC applications because of 
their short lifetime, but the high cost hinders further MFC applications. 
Microorganisms bring good performance but with higher operational cost, while 
noble metal free chemical catalysts could be further developed, in order to 
improve catalytic performance. 
 
Figure 5. Radar plots to summarize performances of various catalysts by evaluating six 
elements. 




1.4 OBJECTIVES AND SIGNIFICANCE OF THIS THESIS. 
There are two parts of research work in this thesis. Part 1 (Chapter 2) focused 
on the study of cation/proton exchange membrane (CEM/PEM) and nanoporous 
membranes for MFC. Parameters including potential, power, coulombic 
efficiency and chemical oxygen demand (COD) removal efficiency are evaluated. 
Part 2 (Chapter 3-5) tries to fill research gaps existing in efficient ORR 
catalyst development in MFCs as illustrated in section 1.3, and they are 
summarized below: (1) The catalysts need to be catalytic efficient to ORR and 
could be incorporated into MFC environment with high efficiency, i.e. neutral 
medium at room temperature. (2) The catalysts need to be stable for long-term 
applications in a time frame of at least two months. (3) The catalysts must be cost-
effective with low toxicity to the environment and human health. (4) The catalysts 
could be applied directly onto cathode materials, avoiding the introduction of 
aeration system. 
In part 2, noble metal-free chemical catalysts are first prepared and 
characterized for their components and structures. Next, the catalytic capabilities 
are tested by electrochemical methods, and catalytic mechanisms are proposed 
accordingly. The well performing catalysts are selected to be applied into air-
cathode MFCs. Three packages are included, and three types of noble-metal free 
chemical catalysts for ORR catalysis are developed. 
As mentioned in section 1.2, 1.3, membranes and cathode catalysts are two 
important elements in microbial fuel cells. Alternative membrane was found in 
the part 1 for dual-chamber MFCs, however in part 2 this membrane is not 
utilized for application because single-chamber MFCs are applied to reduce 
operational cost and eliminate biofilm fouling brought by nanoporous membranes 
with cross-diffusion effect. Both parts would benefit the study of either dual- or 
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single-chamber MFCs.  
The results of the present study may have significant impact on providing an 
alternative material as cathode catalyst in MFCs, together with the novel 
membranes to improve the feasibility for MFC scaling up and future 
commercialization.  
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Chapter 2. Nanoporous Hydrophilic Polymer 
Membranes as Alternative Separators in Microbial 
Fuel Cells 
 2.1 INTRODUCTION 
Membrane is an important element in MFCs. It serves as the barrier to 
separate catholyte and anolyte. CEM/PEM has been mostly selected as separators 
in MFCs through which only cations/protons can pass through, completing the 
internal circuit. Another function of membrane is to reduce oxygen diffusion from 
cathode chamber to anode chamber, maintaining the anaerobic environment in 
anode chamber and thus maintaining the dominant species as exoelectrogen in 
biofilms. 
Nanoporous membranes could also be a choice through which protons diffuse 
passively because of proton gradient. There has been study reported to compare 
between the nanoporous membranes and nafion 117 membrane1; however pore 
sizes of the nanoporous membranes varied. In this study, consistency in the pore 
size of the nanoporous membranes was considered by selecting 0.2 µm pore size 
to investigate the power density, internal resistance of the MFCs, and 
explanations for varied performances were proposed by considering different pore 
structures. 
2.2 EXPERIMENTAL 
2.2.1 MFC configuration 
Cubic dual-chamber MFCs were used in this study with the net anodic 
volume (Van) of 22 mL and net cathodic volume of 30 mL (Vcat). Carbon felt was 
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used as anode (60 mm× 40 mm× 5 mm) and cathode (60 mm× 40 mm× 2 mm) 
with no catalyst loading, while CEMs were applied at the beginning for consistent 
inoculation. Artificial wastewater including 0.8 gL-1 sodium acetate in 100 mM 
phosphate buffered saline (PBS) with the addition of mineral solution2 and 
vitamins solution was applied as anolyte, while 100 mM PBS was used as 
catholyte with oxygen constantly bubbled to keep the environment oxygen 
saturated. 
2.2.2 Membrane selection  
The CEM (CMI7000S) was preconditioned in deionised (DI) water at 50 °C 
for 1 h. The carbon felt electrodes (Beijing Sanye Carbon Co., Ltd.) were 
preconditioned in 1M HCl for 1 h, followed by 1M NaOH for 1 h and lastly 
washed with DI water until pH 7.  
The nanoporous membranes were selected as polyethersulfone, polyester, 
polycarbonate, Nylon and cellulose acetate membranes with the pore size of 0.2 
µm, and were all preconditioned with 100 mM PBS at room temperature for 1 h 
before use. 
2.2.3 MFC operation 
The MFCs were inoculated with domestic wastewater (Ulu Pandan Water 
Reclamation Plant) at batch mode. Briefly, sludge-rich domestic wastewater was 
mixed with artificial wastewater at a volume ratio of 1:1 and filled into anode 
chamber, and the cathode was kept aerated. External resistor (Rex) of 20 kΩ was 
connected between anode and cathode, and the voltage (E) across it was recorded 
using a homemade data acquisition system (DAS). When voltage was decreased 
below 0.05 V, the anolyte was refreshed together with renewed catholyte. After 
achieving stabilized voltage of 0.4 V with three repeatable cycles, the MFCs were 
then drained and dismantled for replacing existing CMI7000S with other 
nanoporous membranes. Following on, the MFC was filled up with a new batch 
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of artificial wastewater and 100 mM PBS into the anodic and cathodic chambers 
respectively. The cell was then allowed to run acclimatization cycles at Rex= 1 kΩ 
with voltage recorded by DAS. For polarization curve measurement, Rex was 
changed with voltage recorded for further calculation. 
2.2.4 Analysis 
COD was measured as a parameter to indicate fuel concentration. In this 
study, nanoporous membranes were used and fuel cross diffusion was considered. 
Therefore, for COD removal efficiency, it was calculated by  
an an cat cat an oCOD% (V COD V COD ) / (V COD )= +
 
with CODan and CODcat as the final COD in anolyte and catholyte respectively 
after one batch, while CODo as original COD in anolyte. 
Coulombic efficiency (CE) was calculated as  
( )
0






while current I = E/Rex, τ = time duration for one batch, F= Faraday’s constant 
(96485 C mol-1). 
Polarization and power curves were generated by plotting voltage (E) and 
power (P) against current when Rex was changed. Internal Resistance (Rint) was 
derived from the slope of polarization curve.  
2
exP EI E / R= =  
Morphologies of membranes were observed using field-emission scanning 
electron microscope (SEM, JEOL JSM-6701F) at an acceleration voltage of 5.0 
kV. 
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2.3 RESULTS AND DISCUSSIONS 
2.3.1 Membrane characterization. 
As shown in Figure 6, nanoporous membranes were presented in varied 
morphologies with changes to different extents after operations in MFCs. 
Polyethersulfone membrane (Figure 6.1a) has a matrix-like structure with 
unevenly big (> 0.2 µm) pores on the multilayer surface. Nylon (Figure 6.4a) and 
cellulose acetate (Figure 6.5a) membranes seemed to have similar structure but 
with smaller pore sizes. Polyester (Figure 6.2a) and polycarbonate (Figure 6.3a) 
membranes were with fine holes about 0.2 µm in size, while pore densities of 
polyester seemed to be less compared to polycarbonate. CMI7000S (Figure 6.6a) 
showed a gel-like appearance, generally nonporous. After application in MFCs, 
nanoporous membranes showed almost no difference despite some bacteria 
growth. However, small cracks appeared in CMI7000S on the top layer, this could 
explain the increased COD value in the cathode chamber in CMI7000S-based 
MFCs. 
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Figure 6. Morphologies of various membranes before (a) and after (b) applications in MFCs 
1. Polyethersulfone; 2. Polyester; 3. Polycarbonate;
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together with their polymer structures (c). 
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2.3.2 Power output of different MFCs 
Figure 7. Voltage versus time 
a. Polyethersulfone; b. Polyester
 
As indicated in Figure 
exhibited similar trends
after the replacement of new anolyte 
been used up. From the diagram above, the only nanoporous fuel cell 
that managed to outperform CMI7000
voltage output was polyester. 
polyester membranes, reducing fuel cross diffusion and thus 
at a high level. 
Polarization and power curves 
parameters summarized in Table 
maximum power output (
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curves in MFCs with different membranes 
; c. Polycarbonate; d. Nylon; e. Cellulose acetate, 
7, the profiles of the voltage against time curves 
, voltages rose to peak voltages (~0.14 to 0.16
and decreased when the acetate substrate ha
S in terms of sustained duration of high 
This was consistent with the smallest pore size of 
maintaining
are shown in Figure 8 with power output 
2. CEM7000S-based MFCs showed 
Pmax) while polyethersulfone membrane yielded 92% 
 
 
in one batch. 
f. CMI7000S. 
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the Pmax of CMI7000S. As for internal resistance, polyethersulfone membrane 
yielded the lowest value of 527 Ω, possibly because of the positive effect of its 
functional groups. Polyethersulfone membrane had higher hydrophilic property 
due to highly polar sulfone groups (-SOO-) which induced better proton 
conductivity and therefore agreed well with the active sites in CMI7000S 
functional groups. Another possible reason could also be the increased water flux 
because of its more porous structure, and it would be easier for protons to migrate 
through together with water flux3. 
Table 2. Power output parameters summarized for MFCs. 
1. Polyethersulfone; 2. Polyester; 3. Polycarbonate; 4. Nylon; 5. Cellulose acetate; 6. 
CMI7000S membranes. 
Membrane 1 2 3 4 5 6 
OCV/ V 0.42 0.41 0.45 0.43 0.40 0.42 
Pmax/ µW 26.5 21.2 24.3 18.8 21.2 28.8 
Rint/ Ω 527 807 607 883 769 587 
COD/ % 54% 58% 54% 72% 79% 61% 
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Figure 
a. Polyethersulfone; b. Polyester; c. Polycarbonate; d. Nylon; e. 
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8. Polarization (A) and power (B) curves of MFCs. 
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However, the CE values were quite low for polyethersulfone, Nylon and 
cellulose acetate-based MFCs. As shown in Figure 6, these three membranes were 
with relatively bigger pore size in the multilayer matrix structure, which enhanced 
oxygen cross diffusion from cathode to anode. Therefore at the anode, non-
exoelectrogenic bacteria degraded target molecules (acetate) with oxygen as 
electron acceptors, generating no electrons and meanwhile inhibiting the growth 
of electrochemically active bacteria,4 therefore reducing the electrons harvested 
from a certain amount of acetate, finally reducing CE. This could also be verified 
by the highest CE for MFCs with polyester membranes which presented the 
smallest pore size and lowest pore density (Figure 6), inhibiting oxygen diffusion. 
Considering COD removal efficiency, it was shown that Nylon and cellulose 
acetate possessed the highest values. This was unexpected because of their 
relatively more porous structures. It might be due to their compositions of more 
layers (65 µm compared with 10 µm thickness of polyester and polycarbonate 
membranes) decreasing migration across the membrane and retaining organics in 
anode chamber for degradation, and it was believed that with the varied 
wastewater source, the effect would be varied, e.g. in domestic wastewater or 
food processing wastewater, molecules of bigger size existed with decreased 
migrating ability. 
Therefore, we can conclude that pore size, pore density and pore shape 
played quite different roles in proton transportation, fuel cross diffusion and 
oxygen diffusion, thus affecting MFC performances in different directions, e.g. 
internal resistance, COD removal efficiency and coulombic efficiency. It is 
reasonable to choose appropriate nanoporous membranes with some compromise 
depending on the MFC applications. 
2.4 CONCLUSION 
Nanoporous membranes were applied in MFCs as separators. It was found 
that polyethersulfone membrane-based MFCs yielded highest power, 92% 
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comparing with that based on cation exchange membrane. It also showed the 
lowest internal resistance among the selected membranes possibly because of 
better proton conductivity. Considering other parameters, coulombic efficiency 
and COD removal efficiency, polyethersulfone membrane showed less 
satisfactory results because of its more porous structure with more negative cross-
diffusion effect. From a general point of view, polyethersulfone membrane could 
be a cheaper alternative as MFC separators. As for other membranes, comparable 
powers with varied COD removal were also achieved. By considering the effect 
of internal resistance, coulombic efficiency, it would be more reasonable to select 
proper separators in MFCs depending on their applications. We believe that this 
study provided new insights for setting the criteria for future separator selection. 
  




 (1) Biffinger, J. C.; Ray, R.; Little, B.; Ringeisen, B. R. Environmental 
Science & Technology 2007, 41, 1444-1449. 
 (2) Lovley, D. R.; Phillips, E. J. P. Applied and Environmental 
Microbiology 1988, 54, 1472-1480. 
 (3) Zhang, F.; Brastad, K. S.; He, Z. Environmental Science & 
Technology 2011, 45, 6690-6696. 
 (4) Logan, B. E. Microbial fuel cells; John Wiley & Sons, Inc., 
Hoboken, New Jersey, 2008. 
 
 
Chapter 3. Carbon 
 
Chapter 3. Carbon Nanotube Supported Mn
Catalysts for Oxygen Reduction Reaction
 3.1 INTRODUCTION
Nanostructured manganese dioxides (MnO
electrocatalysts for oxygen
hydrogen peroxide4 decomposition. In addition, some studies also reported the 
ORR catalytic capability of MnO
condition and performance varied.
Figure 9. Schematic presentation of MnO
A) octahedron unit, B) a typical unit cell with shared 
Red sphere, Manganese atom; Black sphere, oxygen atom.
 
The use of MnO
advantages in terms of low fabrication cost, abundance of the materials in the 
earth, and environmentally friendly nature. Intensive studies have proven that the 
performance of electrocatalytic 
phase and morphology of MnO
strategy9, 10 and reaction conditions
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-related reactions, e.g. water splitting1,2




6 unit from different viewing 
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2 nanomaterials as active electrocatalysts has many 
capability is strongly affected by the crystalline 
2 nanostructures that depend on the synthetic 
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can be crystallized in different phases (e.g. α, β, γ) depending on how the repeated 
[MnO6] octahedron units in MnO2 share their faces and edges.  
In a typical [MnO6] unit (Figure 9A), one Mn atom is connected to six O 
atoms while one O atom is connected to three Mn atoms, making the 
stoichiometric number as Mn:O=1:2. Viewing from another direction, a 
representative unit cell could be identified (Figure 9B). While units are combined 
differently, various phases are created (Figure 10). 
Table 3. Tunnel Size of Different Crystallographic Forms of MnO2. 
crystallographic form tunnel size/Å 
α (1×1), (2×2) 1.89, 4.6 
β (1×1) 1.89 
γ (1×2), (1×1)  1.89, 2.3 
 
α-MnO2 is a crypomelane matrix, presenting (1×1) and (2×2) tunnel 
structures, while β-MnO2 is a pyrolusite matrix giving (1×1) tunnel structure. γ-
MnO2 is a ramsdellite ((1×2) tunnel structure) matrix with randomly distributed 
intergrowth microdomains of pyrolusite ((1×1) tunnel structure), which are 
constructed of [MnO6] units with edge or corner sharing (Figure 10).  
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Figure 10. Different crystalline structures of MnO
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In this study, different phases of MnO2 nanomaterials are prepared with 
different morphologies. All of them possessed electrocatalytic capability to 
different extents, and were applied in MFCs with varied catalytic performance. 
This study would facilitate the application of MFCs with efficient and cost-
effective catalysts. 
3.2 EXPERIMENTAL 
3.2.1 Synthesis of MnO2 Nanomaterials12 
 α-MnO2 was synthesized by redox reaction between stoichiometric 
quantities of MnSO4 and KMnO4 as described elsewhere.9 In a typical synthesis, 
KMnO4 (10 mmol) and MnSO4·H2O (15 mmol) were dissolved in 200 mL of 
water and stirred continuously for 6 h at ambient temperature (~ 25 oC). A dark-
brown precipitate thus formed was then washed thrice with water and ethanol to 
remove excess ions, and then was dried at 100 oC in air for 2 h subsequently. 
4 4 2 2 2 4 2 43MnSO  + 2KMnO  +2H O 5 -MnO  + K SO  +2H SO
Solvothermal α→
 
β-MnO2 was prepared using the procedure reported.13 MnSO4·H2O (1.6 
mmol) and (NH4)2S2O8 (1.6 mmol) were dissolved in 20 mL of water at ambient 
temperature (~ 25 oC) to form a homogeneous solution, which was then 
transferred into a Teflon-lined stainless steel autoclave, sealed, and maintained at 
125 oC for 14 h. After it was cooled down to ambient temperature, the resulting 
dark-gray solid product was filtered, washed and dried. Optimization of reaction 
time was also investigated. 
4 4 2 2 8 2 2 4 2 4 2 4MnSO +(NH ) S O +2H O MnO  + (NH ) SO  +2H SOHydrothermal β→ −  
γ-MnO2 was prepared by dissolving MnSO4·H2O (16 mmol) and (NH4)2S2O8 
(16 mmol) in 200 mL of water. After that, the mixture was heated up to 90 oC in 
an oil bath and maintained for 24 h with magnetic stirring. The resulting black 
precipitate was filtered, washed and dried. 
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4 4 2 2 8 2 2 4 2 4 2 4MnSO +(NH ) S O +2H O MnO  + (NH ) SO  +2H SOSolvothermal γ→ −  
The crystal structures of MnO2 were examined by X-ray powder diffraction 
patterns (XRD) on a Siemens D5005 X-ray diffractometer with Cu Kα radiation 
(λ = 1.5406 Å). The specific surface areas of the MnO2 were measured by the 
Brunauer–Emmett–Teller (BET) method (Micromeritics Tristar 3000). 
Morphological characterization of MnO2 was conducted by field-emission 
scanning electron microscope (SEM, JEOL JSM-6701F) at an acceleration 
voltage of 5.0 kV. All the chemical reagents were chemically pure and used 
without further purification, and MnO2 nanomaterials were ground in an agate 
mortar before each test. 
3.2.2 Electrode Fabrication 
The electrodes were fabricated according to the reported study.5 Briefly, 
MnO2 nanomaterials (α-, β- and γ-) as catalytic component, graphite powder or 
CNTs (Shenzhen Nanotech Port Co. Ltd) as conductive material, and 
polyvinylidene fluoride (PVDF) as binder were mixed by a certain weight ratio in 
N-methyl-2-pyrrolidone (NMP). After ultrasonication for 1 h, a small volume of 
mixture was extracted and coated on the surface of a glass carbon electrode 
(GCE) (diameter of 3.0 mm) by a micro-pipette. The coated GCE was then dried 
at 100 oC in air for 1 h to remove the solvent. Pt-based catalyst paste was prepared 
by mixing commercial Pt-catalyst (45.6 wt% Pt/C) and chemical binder (5% 
Nafion solution) together, which was then extracted and coated on to the GCE 
similarly. A catalyst mixture of CNTs and PVDF without MnO2 addition was also 
prepared and investigated as a control. 




Figure 11. Schematic diagram of MFC reactor configuration.  
1: anode chamber; 2: anode carbon cloth; 3: Nafion membrane; 4: catalyst layer; 5: carbon 
base layer; 6: cathode carbon cloth; and 7: cathode chamber. 
3.2.3 MFC Test System Setup 
The MFCs used were acrylic single-chamber cubic reactors each with an 
anodic chamber with the front diameter of 6 cm, and the width of 1 cm, (i.e., 
volume of 28.3 mL) (Figure 11). Carbon clothes were used directly as anodes, and 
also as the cathodes which were coated with carbon base layer, and catalyst layer 




Figure 12. A representative photo of an MFC system. 
a. DAS, b. Influent tank, c. Influent flow, d. Peristaltic pump, e. MFC reactors, f. Effluent flow, 
g. Sludge bottle, h. Effluent tank. 
 
subsequently at the inner side and then hot pressed together with the PEM (Nafion 
212) membrane as a membrane-cathode-assembly (MCA) 14. The MnO2 catalysts 
were coated by spraying the MnO2 catalyst mixture (as described in section 3.2.2) 
and dried at 150 oC, while the Pt coating was purchased from GasHub 
Technology Pte Ltd Singapore, also sprayed manually. Eight MFCs were used for 
this study. Pt (at a loading of 0.5 mgcm-2), α-, β-, γ-MnO2 (at a loading of 3 
mgcm-2), were used individually as the catalysts on the cathodes of the MFCs. For 
each type of catalyst, MFCs in duplicates were tested simultaneously. Domestic 
wastewater was continuously fed into the MFCs at a flow rate of 1.3 mLmin-1 
(Figure 12). A 10 Ω resistor was connected externally to each MFC, and voltage 
over the resistor was recorded at fixed intervals. Polarization curves were made 
by measuring voltages over different resistors. COD of the influent and effluent 
were also measured regularly, and the COD removal efficiencies were calculated.  
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3.2.4 Electrochemical Measurement 
Electrochemical analysis of MnO2 and Pt were investigated by the cyclic 
voltammetry (CV) using a potentiostat (IVIUMSTAT) with a three-electrode 
system: GCE modified by catalyst (MnO2 or Pt) serving as the working 
electrodes, Ag/AgCl/KCl (3 M) and a platinum mesh electrode serving as the 
reference and counter electrode, respectively. CV was taken between 0.2 to ‐1.0 V 
at 50 mVs-1 in 0.2 M NaCl electrolyte. The NaCl solution was bubbled with O2 or 
N2 for 30 min before each scan series, and 3 min between every two scans to 
achieve either an aerobic or anaerobic environment. 
3.3 RESULTS AND DISCUSSIONS 
3.3.1 Characterization of Manganese Dioxide 
The crystalline structures of the synthesized MnO2 nanomaterials were firstly 
determined by XRD and the results are shown in Figure 13. Comparing with the 
Powder Diffraction File (PDF, International Centre for Diffraction Data), line a 
showed ten characteristic peaks, attributable to α-MnO2; line b showed seven 
peaks, attributable to β-MnO2; and seven peaks appeared in line c attributable to 
γ-MnO2. The above results indicated that the pure individual phase of α-MnO2, β-
MnO2 and γ-MnO2 were successfully synthesized respectively.  
SEM images of the three MnO2 nanomaterials and the morphologies of MnO2 
catalysts coated on GCEs are shown in Figure 14. The results (Figure 14α) 
showed that α-MnO2 tended to be homogeneous nanorods with a diameter of ~ 50 
nm and a length of 1 µm. Similarly, β-MnO2 (Figure 14β) also appeared as 
homogeneous nanorods but with a larger diameter of ~ 100 nm and a larger length 
of nearly 1.3 µm. When mixed with CNTs and coated on GCEs, the two types (α- 
and β-) of nanorods dispensed well around the CNTs, and formed a homogeneous 
dispersion. In contrast, γ-MnO2 (Figure 14γ) appeared as fine needles and tended 
to agglomerate as microsphericals. On the other hand, in the mixed catalyst, these 
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microsphericals also existed, dispersed around CNTs as clusters, which may 
reduce the interaction between γ-MnO2 and CNTs. 
 
Figure 13. XRD patterns of prepared MnO2 samples. 
a: α-MnO2 nanomaterials; b: β-MnO2 nanomaterials; c: γ-MnO2 nanomaterials. 
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Figure 14. Typical SEM 
α: α-MnO2; β: β-MnO2; 
GCEs; β+CNT: β-MnO2 mixed with CNTs and PVDF coated on GCEs; 
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images of three types of MnO2 nanoparticles, and 
catalyst mixtures coated on GCEs.  
γ: γ-MnO2; α+CNT: α-MnO2 mixed with CNTs and PVDF coated on 
γ+CNT: 
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The three types of MnO
surface areas. The BET surface areas of 
determined to be 49.6, 55.6 and 135.3 m
Figure 15. SEM images of MnO
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2 nanomaterials were further characterized by BET 
α-MnO2, β-MnO2 and γ
2g-1, respectively. The results










Figure 16. XRD patterns of β-MnO2 nanomaterials at different dwelling time. 
 
consistent with the SEM analysis. For the α-MnO2 and β-MnO2 which had similar 
structure and size, the BET surface areas only possessed a small difference. In 
stark contrast, γ-MnO2 which had a fine needle structure showed a great 
difference in BET surface area from α-MnO2 and β-MnO2. 
Dwelling time was also investigated from 1 h to 12 h for β-MnO2 preparation. 
It was found that if the dwelling time is shorter than 5 h, γ-MnO2 nanomaterial is 
the dominant product (Figure 15, Figure 16). While at 6 h, there was a sudden 
change to β-MnO2 nanomaterial, indicating there was the crystalline form 
transformation in the process and the (1×2) tunnels are eliminated. Dwelling time 
of β-MnO2 preparation is chosen as 14 h for overnight reaction. 
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3.3.2 Cyclic Voltammetry
Figure 17. CVs for ORR in 0.2 
mVs
a: Pt based catalyst (Pt loading amount: 0.5
loading amount: 3 mgcm-
γ-MnO2 based catalyst (
MnO2 loading amount: 3 mg
based catalyst (Pt loading amount: 0.5
condition, and e
 
The results of the CV for 
support and Pt-modified GCE in 0.2 
shown in Figure 17. For MnO
between -0.2 to ‒-0.4 V in O
for α-, β- and γ-MnO2
was observed (Figure 17. curve 




M NaCl solution between 0.2 and -1.0 V at the scan rate of 50 
-1 with different catalysts and conditions.  
 mgcm-2); b: α-MnO2 based catalyst (
2); c: β-MnO2 based catalyst (β-MnO2 loading amount: 
γ-MnO2 loading amount: 3 mgcm-2); e: β-MnO2 based 
cm-2); f: CNTs and PVDF mixture without MnO
 mgcm-2). Note: a, b, c, d and f were operated in aerobic 
 and g were operated in anaerobic condition.
α-, β- and γ-MnO2 modified GCEs with CNT 
M NaCl solution saturated by O
2 catalysts on CNTs, all of them yielded ORR peaks 
2 saturated NaCl solution (Figure 17. curve 
 respectively), but no peak for N2-saturated NaCl solution 
e for β-MnO2). Inspiringly, β-MnO
Reaction 
α-MnO2 
3 mgcm-2); d: 
catalyst (β-
2 addition; g: Pt 
 
2 or N2 are 
b, c and d 
2 presented 
Chapter 3. Carbon Nanotube Supported MnO₂ Catalysts for Oxygen Reduction Reaction 
51 
 
higher onset potential which indicates lower overpotential on β-MnO2 coated 
electrodes for ORR, demonstrating it to be a more active catalyst 
thermodynamically. 
For comparison, catalyst prepared by mixing CNTs and PVDF without MnO2 
was also verified as a control experiment, and only a small peak appeared which 
could be explained by the ORR catalytic ability due to CNT defects (Figure 17. 
curve f). As indicated in Figure 17, β-MnO2 yielded the best performance among 
the three MnO2 species in CV under our experiment conditions. Furthermore, the 
performance of CNT supported β-MnO2 showed an enhancement factor of ~ 4.5 
comparing to that of graphite supported β-MnO2 (Figure 18). This could be 
explained by the unique crystallographic structure of β-MnO2 and its interaction 
with CNTs which could provide a high electrical conductivity and a specific 
interaction between catalytic metals and the CNT support (i.e., the delocalized p 
electrons of CNTs and Mn d-electrons), resulting in a higher catalytic activity.15-17 
The results were different from previously reported,5 but consistent with the MFC 
performance indicated in Section 3.3.3 below.  
 





Figure 18. CVs for β-MnO2 based catalyst supported by CNTs (line a) and graphite powder 
(line b) for ORR respectively.  
The CV was run in 0.2 M NaCl solution (aerobic) between 0.2 and -1.0 V at the scan rate of 50 
mVs-1. β-MnO2 loading: 3 mgcm-2; mixing ratio of MnO2: supporting material: PVDF = 8:2:2. 




Figure 19. CVs for β-MnO2 based catalyst supported by CNTs for ORR with different scan 
rates.  
The CV was run in 0.2 M NaCl solution (aerobic) between 0.2 and -1.0V with the rates 
ranging from 0.005 to 0.08 Vs-1 (Inset: ORR peak currents plotted against square root of scan 
rates). β-MnO2 loading: 3 mgcm-2; mixing ratio of MnO2: CNT: PVDF = 8:2:2. 
 
Catalytic performance of β-MnO2 nanomaterial was further verified by 
varying the scanning rates and the results are shown in Figure 19. The peak 
current had a linear relationship with square root of the scanning rate, implying 
that ORR on the β-MnO2-coated electrode was a diffusion-controlled process, 
which meant oxygen concentration was a key factor affecting ORR. According to 
Randles-Sevcik equation below18, the number of electrons transferred is 
calculated to be 2.92, demonstrating that the reaction followed mixed mechanism 
of both 4-electron and 2-electron processes. 
 




Figure 20. Optimization of β-MnO2 based catalyst by varying component and loading 
amount. A. CVs of β-MnO2 based catalyst on CNT support with different loading amounts of β-MnO2. 
(Inset: ORR peak current plotted against loading amount of β-MnO2). β-MnO2 loading 
amount: 1, 2, 3, and 4 mgcm-2; mixing ratio of β-MnO2: CNT: PVDF = 8:2:2. B. CVs of β-MnO2 
based catalysts on CNT support with different component ratios. (Inset: ORR peak current 
plotted against the component ratios). β-MnO2 loading: 1 mgcm-2; mixing ratios of β-MnO2: 
CNT: PVDF = 8:1:2, 8:2:2, and 8:4:2. The CV was run in 0.2 M NaCl solution (aerobic) 





=                                Equation 11 
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Where ip is reduction peak current, n is number of electrons transferred, F is 
Faraday constant, A is area of electrode, C is concentration of reactant, D is 
diffusion coefficient of reactant, R is ideal gas constant and T is reaction 
temperature. 
To optimize the experiment conditions, the catalytic performance of β-MnO2 
was also studied by using different mixing ratios of catalytic mixture and by 
loading different amounts of β-MnO2. The results (Figure 20) indicated that the 
mixing ratio and loading amount could affect the catalytic performance 
significantly. The mixing ratio of β-MnO2: CNT: PVDF = 8:2:2 and β-MnO2 
loading of 3 mgcm-2 were finally chosen as the best conditions for MFC 
application according to the CV experiments under our conditions. 
The mechanism of MnO2 for ORR catalysis was still unclear, controversial in 
whether it accelerated the H2O2 production8 or the subsequent H2O2 
disproportionation 19, yet sharing the common outcome whereby Mn (IV) was 
being reduced to Mn (III) as an intermediate process. Therefore, we proposed the 
mechanism that during the ORR, MnO2 was firstly reduced to MnOOH by a 
proton insertion process. Subsequently, an electron transferred from MnOOH to 
oxygen and meanwhile MnOOH was reoxidized back to MnO2. These 
intermediate reactions involving the MnO2/MnOOH couple contributed to the 
catalysis for ORR. Furthermore, with the interaction with the CNT support, the 
mechanism could be more complicated, and further verification was needed. 
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3.3.3 Performance of the Cubic MFCs with Different Cathode Catalysts 
 
Figure 21. Polarization and power curves for air-cathode MFCs respectively on Day 11 when 
MFCs have reached their performance stabilization.  
Cell voltage (E) data were collected by data acquisition system across different external 
resistance (Rex), and current and the power was calculated using Rex and E. Voltage and 
power were plotted as the functions of the current to make polarization and power curves 
respectively. The dash lines with empty symbols were polarization curves and the solid lines 
with close symbols were for power curves. α: α-MnO2 based catalyst (α-MnO2 loading 
amount: 3 mgcm-2); β: β-MnO2 based catalyst (β-MnO2 loading amount: 3 mgcm-2); γ: γ-MnO2 
based catalyst (γ-MnO2 loading amount: 3 mgcm-2); Pt: Pt based catalyst (Pt loading amount: 
0.5 mgcm-2). 
 
Eight MFCs have been operated continuously at the optimized conditions 
discussed above, and polarization curves were measured regularly. The 
performance order of MFCs with different catalysts was Pt > β-MnO2 > γ-MnO2 > 
α-MnO2 as illustrated in Table 4 and Figure 21. The results were fully consistent 
with our CV analysis results discussed above. 
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Table 4. Summary of air-cathode MFC performances with different catalysts 
on day 11 when the MFCs have reached their performance stabilization. 






Efficiency / % 
α-MnO2 0.36 0.425 540 0.0626 22.1 84.1 
β-MnO2 0.427 0.473 165 0.277 97.8 84.8 
γ-MnO2 0.400 0.470 172 0.234 82.6 83.8 
Pt 0.632 0.664 234 0.432 152.7 81.6 
 
Our results indicated that the CNT supported β-MnO2 was a good alternative 
catalyst. Comparing with the previously study, the maximum power density for 
the CNT supported β-MnO2 based MFC was lower than the graphite powder 
supported β-MnO2 based MFC as reported (97.8 vs. 172 mWm-2) yet with a 
higher maximum power output (0.277 vs. 0.198 mW) due to the different surface 
area/volume ratios.5 Moreover, it was worthy to note that our MFCs with these 
good results were fed with the domestic wastewater, which was reported to 
produce nearly 30% power produced by artificial acetate wastewater with similar 
cell designs 20,21. Comparing with the Pt-based MFCs, our β-MnO2-based MFCs 
with a loading of 3 mgcm-2 produced the maximum power of 0.277 mW. In 
addition, the value reached up to 64.1% of the maximum power density for the Pt-
based MFCs, which was almost the value of 64.2% reported recently.5 
Inspiringly, the internal resistance of β-MnO2-based MFCs was even lower than 
that of Pt-based MFCs and the COD removal efficiency of β-MnO2-based MFCs 
was slightly higher than that of Pt-based MFCs (Table 4). This was the first case 
where domestic wastewater was applied to examine the performance of ORR 
catalysts in MFCs to our knowledge. 
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In addition, the well performed β-MnO2 and γ-MnO2 possess remarkably 
good stability. They are utilized in MFCs as biochemical oxygen demand (BOD) 
sensors. As demonstrated, the catalysts yielded stable performances in nearly two 
years (after the inoculation stage and membrane fouling period) and contribute to 
an efficient BOD sensor. 
Generally, the results showed that β-MnO2-CNT based MFCs were able to 
produce high power with domestic wastewater at a low catalyst loading amount. 
Therefore, β-MnO2 could be viewed as a promising alternative catalyst for ORR 
in future air-cathode MFC applications. 
3.4 CONCLUSION 
Three types of MnO2 catalysts on CNT support were characterized and 
investigated by CV method in neutral medium and fabricated into the air-cathode 
MFCs. The results showed catalytic activity for ORR to the different extents with 
different types of MnO2, and CNT supported β-MnO2 was the most effective 
catalyst among the three types of nanomaterials. With the assistance of CV 
analysis, the optimized ratio of β-MnO2: CNT: PVDF = 8:2:2 and β-MnO2 
loading of 3 mgcm-2 were obtained. When the CNT supported β-MnO2 was 
applied to air-cathode MFCs under optimized conditions, a maximum power 
density of 97.8 mWm-2, a low internal resistance of 165 Ω and a high COD 
removal efficiency of 84.8% were obtained with domestic wastewater as the feed. 
Moreover, the performance of MFCs was comparable to that with Pt catalyst. Due 
to the low cost, low loading amount, easy preparation and good MFC 
performance, CNT-supported MnO2 could be a very promising electrocatalyst for 
air-cathode MFCs. We believe that this efficient and economic catalyst could 
facilitate the future application and commercialization of the MFC reactors. 
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Chapter 4. Manganese-Polypyrrole-Carbon 
Nanotube Composite as Oxygen Reduction 
Catalyst 
4.1 INTRODUCTION 
Metal composite is an important category of ORR catalyst, utilizing 
biomimetic approaches with transition metal porphyrins.1 Porphyrins are the 
conjugate acids of ligands that bind metals to form complexes. These molecules 
have planar structures with the metal ion symmetrically surrounded by four 
nitrogen atoms, which leads to the common term transition metal N4 
macrocycles.2 The metal ions usually have the charges of 2+ or 3+. Iron (Fe) and 
cobalt (Co)-porphyrins 2-5 have been investigated as ORR catalysts with metal-N 
interaction as the active sites. The performance of metal porphyrins is 
considerably good; however the lifetime is not satisfactory. In some studies, 
pyrolysis is added in the preparation to increase life time. Similarly, metal 
heterocycles (Fe, Co-heterocycles 6,7) have been investigated as potential ORR 
catalysts. In addition, manganese-porphyrin8 and manganese oxides-polypyrrole 
composites prepared by electro-polymerization9,10 have been reported to possess 
good ORR catalytic capability in the unconventional electrolyte (benzoic 
anhydride) 8 or acidic environment 9,10 respectively. Polypyrrole-containing 
composite 11 is tested on MFCs with the assumption that carbon atoms on pyrrole 
ring could supply an active site for oxygen chemical adsorption to decrease the 
activation energy. Nevertheless, few of them have been demonstrated to possess 
both good activity and long-term stability in neutral MFC environment. In this 
study, manganese-polypyrrole-carbon nanotube composite was synthesized with 
expectation of manganese-nitrogen (Mn-N) interaction (Figure 22), creating 
active sites for ORR catalysis.12 Subsequently, the as-synthesized catalyst was 
further applied on MFC cathode. The composite showed comparable catalytic 
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temperature was rapidly increased to 180 oC and maintained for 24 h. Finally, the 
product was filtered, washed and dried under vacuum at 70 oC. The black powder 
obtained was named manganese-polypyrrole-carbon nanotube (Mn-PPY-CNT). 
Several other composites were also prepared as controls: (1). Polypyrrole 
(PPY) was prepared by in-situ polymerization using the same method described 
above without the addition of CNTs or MnAc2. (2). PPY-CNT was prepared using 
the same method described above only without addition of MnAc2. (3). Mn-CNT 
was prepared using the same method described above only without addition of 
pyrrole monomer. 
The N content of these composites, as an indicating parameter for PPY 
loading was determined by elemental analysis (Elementar Vario Micro Cube). 
Inductively coupled plasma-optical emission spectrometry (ICP-OES, Dual-view 
Optima 5300 DV) was applied to determine the overall Mn element, while X-ray 
photoelectron spectroscopy (XPS, Kratos AXIS UltraDLD) was employed to 
measure the surface elemental content of Mn. PPY polymerization was confirmed 
by Fourier transform infrared spectrophotometer (FTIR, Shimadzu IRPrestige-
21), and the degree of polymerization was examined by gel permeation 
chromatography (GPC, Waters e2695 separation modules with Waters 2414 
refractive index detector) in tetrahydrofuran. Conductivity measurements of the 
composites were made on pressed pellets (1.3 cm diameter, < 1 mm thickness) 
measured by a conventional four-probe technique with a SD-600 sheet resistivity 
meter. Morphological characterization of the composites was conducted on field-
emission scanning electron microscope (SEM, JEOL JSM-6701F) at an 
acceleration voltage of 5.0 kV. The prepared composites were ground in an agate 
mortar before each test. All the chemical reagents were analytical pure and used 
without further purification unless otherwise specified. 
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4.2.2 Electrode fabrication 
The electrodes with catalyst coating were fabricated with 5% Nafion solution 
as the binder by dropcasting method as in section 3.2.2.13,14 Briefly, composites 
were mixed with the Nafion solution and dispersed well by ultrasonication. A 
small volume of slurry was extracted and coated on the surface of glass carbon 
electrode (GCE, with a diameter of 3.0 mm) by a micro-pipette. The GCEs were 
dried in air at room temperature to remove the solvent. Pt/C-coated GCEs were 
similarly prepared. 
4.2.3 Electrochemical measurement 
Electrochemical analysis of the composite was done by cyclic voltammetry 
(CV) using a potentiostat (IVIUMSTAT) with a three-electrode system where 
GCE coated by catalyst (Mn-PPY-CNT or Pt/C) served as the working electrode, 
Ag/AgCl/KCl (3 M) and a Pt mesh electrode were used as the reference and 
counter electrode, respectively. CV was taken between 0.2 V‒ -1.0 V at 50 mVs-1 
in 0.2 M NaCl electrolyte. The electrolyte solution was bubbled with O2 or N2 to 
establish aerobic or anaerobic environment respectively for 30 min prior each 
scan series, and 3 min between every two scans. 
4.2.4 Air-cathode MFC set-up 
The MFCs used were the same reactors as previously reported.13 Briefly, 
acrylic single-chamber MFC reactors with the anodic chamber of Φ 6 cm×1 cm 
(28.3 mL) were assembled. Non-wet proof carbon clothes (E-TEK) were used as 
anodes, and also as the cathodes (28.3 cm2) after modification. The carbon base 
layer and cathode catalysts were coated onto the cathode carbon cloth by 
subsequently spraying slurries and dried at room temperature. The resulting 
cathode carbon cloth with carbon base layer and catalyst layer at the inner side 
was then hot pressed together with PEM (Nafion 117) to form the membrane-
cathode-assembly 15. In this study, cathodes with different catalysts and different 
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loadings, Pt/C (0.5 mgPtcm-2), Mn-PPY-CNT (1 mgcm-2) and Mn-PPY-CNT (2 
mgcm-2), were used in MFCs as duplicates respectively. 
Activated sludge (Ulu pandan water reclamation plant, Singapore) was used 
as inoculum at the beginning, and artificial wastewater (~ 1gL-1 sodium acetate in 
30 mM phosphate saline buffer with mineral and vitamins solution 16) was applied 
as anolyte, fed continuously at a flow rate of 1.3 mLmin-1 after successful 
inoculation. A 10 Ω resistor was connected to each MFC, and voltage across the 
resistor was constantly monitored for four months and recorded at a fixed interval 
by a home-made DAS. Currents were obtained by measuring voltages across 
different resistors and polarization curves were plotted after further calculation. 
4.3 RESULTS AND DISCUSSIONS 
4.3.1 Synthesis and Characterization of the catalysts 
The Mn-PPY-CNT composite was synthesized as shown in Figure 22. PPY 
was firstly in-situ polymerized in the presence of CNTs. Subsequently, Mn was 
deposited onto the PPY at elevated temperature. To demonstrate successful 
synthesis of the novel catalyst, polymerization of pyrrole was to be verified.  




Figure 23. FTIR spectrum of PPY prepared by chemical-oxidation polymerization, the same 
method for Mn-PPY-CNT preparation except the addition of pyrrole and CNTs. 
 
PPY was synthesized in the absence of CNTs under the same conditions to 
eliminate the interference of CNTs on the characterization of PPY. FTIR 
spectrum of this as-synthesized PPY (Figure 23) had the characteristic peaks 
(3394 cm-1 for N-H stretching, 3232 cm-1 for C-H stretching, 1697 cm-1 for C=C 
stretching, 1396 cm-1 and 1365 cm-1 for C-C and C-N in-plane stretching, 1288 
cm-1, 1195 cm-1, 1110 cm-1 for C-H deformation and ~763, 648, 547 cm-1 for ring 
torsion), demonstrating the sample to be PPY.17 To further confirm PPY 
polymerization, gel permeation chromatography was applied to determine the 
average molecule weight of the resultant product. As expected, the result (weight 
average molecule weight=105430±782 gmol-1) indicated successful 











Note: wt% represents 
 
Figure 24. X-ray 
Inset: Enlarged spectrum attribute to Mn 2p3/2, rough curve (blue line) with high noise is 
for measured data while smooth curves 
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conductivity for Mn-PPY-CNT and other composites. 







photoelectron spectroscopy of Mn-PPY-CNT composite. 
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The Mn-PPY-CNT composite was further characterized with elemental 
analysis to identify the presence of Mn. The elemental contents of the composites 
were summarized in Table 5. It can be seen that Mn was present in the Mn-PPY-
CNT composite with the loading of 0.15%. A further XPS study showed that the 
as-synthesized catalyst had a surface Mn content of 0.5% (Figure 25). The 
disparity of the two values was because that ICP-OES determined the overall Mn 
content in the composite while XPS only responded to the surface Mn content 
within the depth of several nanometers. Therefore the higher value of surface Mn 
content with the presence of CNTs indicated the dispersion of Mn on the outer 
surface of CNTs. 
 
Figure 25. Morphology for composites prepared by solvothermal method.  
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 similar morphology (Figure 28A) and similar metal content (~1‰). It was thus 
proposed that the catalytic capability is related to Mn-N interaction 12. Normally, 
the interaction between Mn atom and N-heterocycle was a thermodynamically 
unfavorable reaction with unstable product, and harsh conditions are needed 19. 
Consequently, the reaction using DMF as the solvent with high refluxing 
temperature would produce Mn-PPY-CNT composite with better catalytic 
capability. To further investigate the catalytic mechanism of Mn-PPY-CNT 
prepared in DMF, scan rates for CV were varied. The linear relation obtained 
between peak current and square root of scan rate indicated the ORR catalyzed by 
Mn-PPY-CNT catalyst a diffusion-controlled process (Figure 29). According to 
Randles-Sevcik equation 20, the number of electrons transferred was calculated to 
be 2.87, therefore the catalytic mechanism was proposed as follows 12: 
II
2 2( )NMn O N Mn O
δ δ+ −
+ ⋅ ⋅ ⋅→←                                  Equation 12 
III
2 2( ) ( )N Mn O H NMn O H
δ δ+ −
+ +
⋅ ⋅ ⋅ + → ⋅ ⋅ ⋅                                 Equation 13 
III
2 2 2
II( ) 2NMn O H H e NMn H O+ + −⋅ ⋅ ⋅ + + → +                                 Equation 14 
2 2 2 2( ) 1/ 2
NMn




Figure 29. CVs for Mn
The CV was run in 0.2 M NaCl 
ranging from 0.004 to 0.1 Vs
4.3.3 MFC performances with various catalysts
To further demonstrate the catalytic capability of 
for ORR, Mn-PPY-CNT composite 
For comparison, Pt/C catalyst 
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Table 6. Summary of air-cathode MFC performances with different catalysts when the MFCs 
have reached their performance stabilization. 
Catalysts Eemf / V OCV / V Rin / Ω Pmax / mW 
PDmax / 
mW·m-2 
Mn-PPY-CNT (2 mgcm-2) 0.487 0.70 103 0.602 213 
Mn-PPY-CNT (1 mgcm-2) 0.345 0.52 56 0.478 169 
Pt/C (0.5 mgPtcm-2) 0.52 0.65 70 0.971 343 
 
4.4 CONCLUSION 
In this study, a novel Mn-PPY-CNT composite was synthesized, 
characterized, investigated by CV method in neutral medium and finally 
incorporated into the air-cathode MFCs as cathode ORR catalyst. It was shown 
that Mn-PPY-CNT composite has quite good capability for ORR catalysis in 
neutral medium. When Mn-PPY-CNT catalysts were applied onto air-cathode 
MFCs, the performance of Mn-PPY-CNT-based MFCs was comparable to that of 
Pt/C-based MFCs. Furthermore, stability of this catalyst is quite satisfactory.  
This was the first study regarding manganese-polypyrrole-carbon nanotube 
composite for ORR catalysis and would contribute to exploration of this new 
category of ORR catalyst. Due to its low cost, low metallic content, easy 
preparation, good MFC performance and long-term stability, Mn-PPY-CNT 
catalyst could be a very promising electrocatalyst for air-cathode MFCs. 
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Chapter 5. Polyelectrolyte Functionalized-Single 
Wall Carbon Nanotubes as Oxygen Reduction 
Catalyst.* 
5.1 INTRODUCTION 
To reduce the cathode cost while sacrificing the performance to a small 
extent, some non-precious metal containing catalysts1,2 and metal-free 
catalysts 3,4 have been explored as alternatives to Pt. Particularly, nitrogen-
doped carbon materials shows good ORR activity as metal-free catalysts. For 
example, nitrogen-doped carbon nanotubes,5,6 nanofibers,7,8 layered 
nanosheets,9,10 nanocapsules11 and xerogels 12 show remarkable ORR catalytic 
activity. However, the preparation of nitrogen-doped carbon materials is 
complex and time consuming. Inspiringly, carbon nanotubes functionalized 
with polyquaternium, which contains positively charged ammonium sites, 
have been found to possess good catalytic ability for ORR.13 Interaction 
between carbon support and quaternary ammonium-containing polyelectrolyte 
increases oxygen affinity and thus accelerates ORR (Figure 31). Inspired by 
these studies, we here employ two polyelectrolytes, namely PDDA and PEPU, 
to functionalize SCNTs for the enhancement of air-cathode MFCs. It is found 
that both of the two polyelectrolytes can be well decorated onto the SCNTs. 
The resultant polyelectrolyte-SCNT catalysts show remarkable electrocatalytic 
capabilities towards ORR in MFCs. It is believed that this type of metal-free 
catalyst will lead to a promising direction for MFC improvement due to the 
low cost, easy preparation and excellent catalytic abilities. 
                                                 
*
 Project was carried out in collaboration with Leonard Bay and Guo Lin. 




5.2.1 Synthesis of polyelectrolyte-SCNT composite catalyst 
PDDA-SCNT and PEPU-SCNT composites were prepared using solution-
based method. 13 In each case, 100 mg SCNTs were dispersed in 400 ml 
aqueous solution of 5 wt%† polyelectrolyte. The suspension was ultrasonicated 
and then stirred overnight at room temperature for uniform dispersion. The 
products were then filtered, washed, dried in vacuum oven at 70 °C for 24 h. 
The N content of these composites was determined by elemental analysis 
(Elementar Vario Micro Cube), while surface N atoms were examined by X-
ray photoelectron spectroscopy (XPS Thermo Scientific Theta Probe) for its 
interaction with adjacent groups. Morphological characterization of these 
catalysts as well as bare SCNTs (B-SCNT) was conducted using a field-
emission scanning electron microscope (SEM, JEOL JSM-6701F) at the 
acceleration voltage of 5.0 kV. The prepared composites were ground in an 
agate mortar before each test. All the chemical reagents were analytical pure 
and used without further purification unless otherwise specified. 
                                                 
†
 wt% represents "weight percentage". 
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Figure 31. Illustration of the proposed catalytic mechanism(A)
and composite catalysts. Polyelectrol
1,3-bis[3-(dimethylamino)propyl]urea] and  (C) poly(diallyldimethylammonium 
5.2.2 Electrode fabrication
Electrodes were fabricated according to the procedure reported 
previously.14 PDDA-SCNT or PEPU
mixed at a certain weight ratio in NMP solvent and well dispersed to form 
slurry. Small volume of slurry 
electrode (GCE with 3.0 mm diameter) with a micropipette. The GCEs 
dried at 70°C in vacuum oven for 1 h





(IviumStat) to examine the catalytic capability of each catalyst. Three
electrode system was employed with catalyst
electrode, Ag/AgCl/KCl (3 M) as reference electrode and platinum gauze as 
counter electrode. All the measurements 
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. Interaction between O
ytes used are (B) poly[bis(2-chloroethyl) 
chloride). 
 
-SCNT catalyst and PVDF binder we
was spread onto the surface of glass carbon 
 to remove the solvent. The commercially 
was utilized as the benchmark material for 
modified GCE was fabricated with 5% Nafion solution 
 
was carried out on an electrochemical workstation 
-coated GCE serving as working 
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electrolyte at a scan rate of 50 mV s-1 over the range of 0.2 to -1.0 V. The 
solution was bubbled with O2 or N2 for 30 min before each scan series, and for 
3 min between every two scans to establish aerobic or anaerobic environment. 
5.2.4 MFC setup and operation 
The MFCs were set up with the same configuration as previously 
reported.14 Generally, acrylic single-chamber MFC reactors with the anodic 
chamber of Φ 6 cm×1 cm (28.3 mL) were assembled. Non-wet-proof carbon 
cloth (E-TEK) is used directly as anodes, and also as the cathodes with further 
modification, where the carbon cloth was coated firstly with carbon base layer, 
and subsequently catalyst layer at the inner side and then hot pressed together 
with PEM (Nafion 117) as membrane-cathode-assembly (MCA).15 The 
cathode catalysts were applied by spraying the mixed slurries onto the carbon 
cloth and dried at room temperature. Cathode catalysts with different loadings, 
Pt/C (0.5 mg Pt cm-2), PDDA-SCNT (3 mg cm-2) and PEPU-SCNT (3 mg cm-
2), were used for MFC duplicates. 
Activated sludge (Ulu pandan water reclamation plant, Singapore) was 
used as inoculum. Artificial wastewater (~ 1 g L-1 sodium acetate in 30 mM 
phosphate saline buffer with mineral and vitamins solution 16) was applied as 
anolyte, fed continuously at a flow rate of 1.3 mL min-1 after successful 
inoculation. A 10 Ω resistor was connected to each MFC, and voltage across 
the resistor is constantly monitored and recorded at a fixed interval by a home-
made DAS. Voltages across different resistors were measured to obtain 
electric currents used for polarization curve. All MFCs were continuously 
monitored under identical conditions for two months. 
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5.3 RESULTS AND DISCUSSION
5.3.1 Characterization of polyelectrolyte
Figure 
 
To directly compare the polyelectrolyte modified SCNTs with B
morphologies were observed under SEM (Figure 32). As shown in Figure 32, 
no obvious morphology change 
polyelectrolyte modified SCNTs. Fine nanoparticles appear
and Figure 32b, indicating the uniform dispersion of polyelectrolyte with no 
aggregation. 
Considering the N content 
loading, we further stud
analysis. The results of N content by elemental analysis 
Table 7. It demonstrate
and 11 wt% polyelectrolytes in the PDDA




32. SEM images of different composites. 
was observed after the formation of 
ed in Figure 32a 
was an indicating parameter for polyelectrolyte 
ied the polyelectrolyte-SCNT composites by elemental 
were summarized in 











Table 7. Elemental contents of different composites. 
Sample C / wt% N / wt% 
PDDA-SCNT 78.82 2.04 
PEPU-SCNT 87.89 1.61 
B-SCNT 93.24 N.A 
5.3.2 Catalytic capability towards ORR with polyelectrolyte-SCNT 
composites 
 
Figure 33. CVs for ORR with different catalysts and conditions.  
(a) Pt/C 0.5 mg Pt cm-2; (b) and (e) PDDA-SCNT 3 mg cm-2; (c) and (f) PEPU-SCNT 3 
mg cm-2; (d) B-CNT 3 mg cm-2. (a-d) in aerobic condition, (e,f) in anaerobic 
condition. 
 
We further examined the catalytic capability of the polyelectrolyte-SCNT 
composites in neutral media by CV (Figure 33). The benchmark Pt/C catalyst 
yielded broad ORR peak from -0.2 V to -0.5 V in aerated electrolyte. 
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both PDDA-SCNT and PEPU-SCNT catalysts showed peaks from -0.2 V to -
0.5 V under aerobic condition, but no such peaks under anaerobic condition, 
which implied that this peak was attributed to ORR process. Comparing with 
B-SCNT, the ORR peak intensities increased for both two composites with 
polyelectrolyte incorporation, indicating enhanced catalytic capability. These 
results indicated the important role of polyelectrolytes during the process of 
ORR. 
Table 8. Detailed breakdown of N1s signal with peak position and relative composition 









Pk / eV At% Pk / eV At% Pk / eV At% Pk / eV At% 
Quaternary 
N 
402.28 7.2  402.35 0.5  399.55 7.3  399.62 0.7 
Urea N - -  - -  402.44 9.5  402.35 0.8 
Note: Pk represents “peak position”; At. % represents “atomic percentage” 
To further investigate the catalytic mechanism of these polyelectrolyte-
SCNT composites, interaction between carbon nanotube and polyelectrolyte 
was investigated by XPS. As shown in Figure 34 and Table 8, binding energy 
of N atoms in pure polyelectrolyte and in polyelectrolyte-SCNT composite did 
not vary, which indicates no direct electron transfer between C backbone and 
N atom in quaternary ammonium group. Therefore, we believe that the 
catalytic activity is due to the increased oxygen affinity at positive quaternary 
ammonium sites. In the meanwhile, the delocalized electrons of adjacent 
carbon backbone in SCNTs are responsible for the enhanced electron transfer 
from the catalyst to the adsorbed oxygen with weakened O-O covalent 
bond.17,18 The synergetic effect between quaternary ammonium and 
delocalized electrons on carbon backbone promotes the catalytic efficiency of 
the polyelectrolyte-SCNT composites. Moreover, the better performance of 
PEPU-SCNT could be due to the longer linear chain structure that allows 
higher degree of freedom, leading to stronger interaction between PEPU and 
SCNT, while the five-member-ring structure of PDDA causes the steric 
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hindrance on contact to SCNT.19 
 
Figure 34. XPS spectra of N1s for different composites. 
(a) PDDA, (b)PEPU, (c) PDDA-SCNT, and (d) PEPU-SCNT. N 1s in (a) and (c) is assigned 
to quaternary N species, while N1 and N2 in (b) (d) to urea N and quaternary N, 
respectively. 
5.3.3 MFC Performances with different cathode catalysts 
To further evaluate the catalytic capabilities of these polyelectrolyte-
SCNT composites in the air-cathode MFC systems, MFCs equipped with 
PDDA-SCNT, PEPU-SCNT and Pt/C individually applied as cathode catalyst 
were investigated and compared. Performances of these MFCs were 
summarized in Table 9 and the polarization and power curves were presented 
in Figure 35. OCVs were obtained as 0.617 V for PEPU-SCNT based MFCs. 
This value was higher than that of PDDA-SCNT based MFCs (0.543 V) and 
approaching that of Pt/C-based MFCs (0.641 V). The internal resistances, 
calculated from the slope of polarization curves, are 73.3 Ω (PDDA-SCNT) 
and 69.7 Ω (PEPU-SCNT), respectively. Importantly, in the presence of 
PEPU-SCNT catalyst, the MFCs generated a maximum power density of 
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270.1 mWm-2, reaching over 
Slightly lower power dens
catalyst (188.9 mWm
together, the results obtained in the MFCs strongly indicate
SCNT and PEPU-SCNT could be effective MFC cathode catalysts. 
Furthermore, the lower cost ma
applications. 
Figure 35. Polarization and power curves for air
PDDA-SCNT 3 mg cm
 
Table 9. Performance of





In this study, two 
-Single Wall Carbon Nanotubes as Oxygen Reduction Cat
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70% of Pt/C-based MFC (375.3 mW
ity was observed for the MFC with PDDA
-2), which was consistent with the CV results. Taken 
d that PDDA
de them more competitive in MFC practical 
-cathode MFCs. 
-2; (b) PEPU-SCNT 3 mg cm-2; (c) Pt/C 0.5 mg Pt cm
 air-cathode MFCs based on different cathode catalysts.
 OCV / V Rin / Ω Pmax / mW PD
 0.543 73.3 0.534 
 0.617 69.7 0.763 
 0.641 67.1 1.061 
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SCNT and PEPU-SCNT, were prepared by a simple solution-based method. 
The resulting nanocomposites were further studied by CV. The results 
demonstrated that both of them had good catalytic capability towards ORR in 
neutral media. When applied in MFCs, the performances of PDDA-SCNT and 
PEPU-SCNT were quite comparable to Pt/C. Noticeably, PEPU-SCNT based 
MFCs produce 72% as much power as that of Pt-based MFCs. With simple 
preparation, low cost and good catalytic capability, we believed that the 
polyelectrolyte-SCNT composite would be a promising category of MFC 
cathode catalysts that were worthy of further investigation. 
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Chapter 6. Conclusion and Outlook 
6.1 CONCLUSION 
In the first part (chapter 2), we examined the feasibility of nanoporous 
membrane as separators in MFCs, and it was demonstrated that nanoporous 
membranes could be used with comparable power output with comparable 
internal resistance, and could be chosen according to different application of 
MFCs. 
In the second part, we developed three novel oxygen reduction catalysts. 
Prepared by various methods, these noble metal-free catalysts were applied in 
MFCs for simultaneous wastewater treatment and electricity generation 
(Chapter 3-5). 
Firstly, we synthesized three types of MnO2 nanoparticles by hydrothermal 
method and  apply them in MFCs as cathode catalysts in MFCs, performing 
ORR catalysis to different extents. Based on the results obtained in this 
dissertation, it is proposed that the remarkable catalytic capability of MnO2 
may be attributed to the Mn(IV) /Mn(III) redox couple in which MnO2 is first 
reduced to Mn(III) in MOOH which has good affinity to oxygen molecules, 
exchanges electrons with oxygen molecules and gets oxidized back to MnO2. 
This is a novel metal-oxide nanomaterial developed for ORR in neutral 
conditions; the remarkable stability allows continuous exploration of MnO2-
based MFCs as online biological oxygen demand (BOD) sensors in our group. 
(Chapter 3)   
Secondly, we synthesized manganese-polypyrrole-carbon nanotube 
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composite by solution-based method. Polypyrrole molecules were first 
deposited around outer surface of carbon nanotubes, and manganese atoms 
were inserted into polypyrrole environment. The metal-polymer interaction 
was proposed to be responsible for enhanced ORR catalysis. This was the first 
time a manganese-heterocycle-carbon support composite was applied in MFCs 
as cathode catalyst, and this could facilitate a new research direction for ORR 
catalysis. (Chapter 4) 
Thirdly, we synthesized polyelectrolyte-carbon nanotube composite by 
simple solution-based method. The good affinity of polyelectrolyte and the 
electron transfer ability of carbon nanotube contribute together towards the 
enhanced ORR catalytic ability. Easy preparation, low cost and metal-free 
feature make this composite a good candidate as MFC cathode catalyst. 
(Chapter 5) 
In conclusion, these noble metal-free catalysts offer the cost-effective 
choice for MFC cathode catalyst with efficient and stable performance. 
Compared to platinum-based catalysts, these noble metal-free catalysts 
sacrifice electricity generation performance to some extent and reach a 
compromise between power output and capital cost, thus increasing the 
feasibility towards practical MFC applications. In addition, the catalysts 
developed in this dissertation represent three promising directions for oxygen 
reduction catalyst, i.e. metal oxides, metal-heterocycle-carbon support 
composite, heterocycle-carbon support composite, and more effect could be 
made for further improvement by applying different components.  
Comparing these three catalysts, radar plots are presented as below with 
the six criteria described in section 1.3.3. 
 Figure 36. Radar plot to summarize perfor
 
Other than these six elements, toxicity is another feature to be noted. 
Manganese is a heavy metal and on the other side a trace metal required by 
human body. MnO2 has the highest content
dissolubility makes the catalyst a long lasting material with low loss. 
MnPPYCNT has lower Mn content (1.5
PEPU-SCNT has no heavy metal content and therefore has 
In future studies, more applications of microbial fuel cells could be 
explored with novel membranes and stable cathode catalysts.
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mances of catalyst in this dissertation by 
evaluating six elements. 
 of Mn (63.2%), however the 
‰), therefore the toxicity is quite low. 





Chapter 6. Conclusion and Outlook 
91 
 
6.2 OUTLOOK OF MFC DEVELOPMENT. 
Since MFC has the potential to treat wastewater and meanwhile harvest 
energy from wastewater. It is reasonable to consider further upscaling the 
reactors to harvest more energy. However, currently there are still some 
bottlenecks, hindering the progress of scaling up.1 
6.2.1 Bottlenecks of MFC scaling up. 
6.2.1.1 Design constraints as determined by wastewater application 
The first constraint could be summarized as footprint of MFCs and their 
energy efficiency. It is evaluated from the parameter of organic removal 
efficiency, applied load and energy recovery rate. Comparing MFC with the 
conventional methods, activated sludge and anaerobic digestion, each of them 
has its own advantages and constraints. i.e. For activated sludge, it has high 
organic removal efficiency, low applied load but high energy consumption, 
and producing too much sludge; for anaerobic digestion, it has moderate 
organic removal efficiency, high applied load, moderate energy recovery, and 
low sludge production; for microbial fuel cell, it has moderate organic removal 
efficiency, low applied load, high energy recovery up to 80% which is 
competitive, and low sludge production. Each of these technologies has its 
own advantages. In terms of wastewater treatment performance, MFC is not a 
perfect choice because of the low applied loaded,2 and modifications are 
necessary. From the other aspect, the voltage and power generated by MFCs 
are really low (< 1 V for a single cell), even when the reactors are scaled up 
with larger electrode size, the potential could not be increased for a single cell 
because of the standard potential limitation. 
Apart from these, in real application domestic wastewater or municipal 
wastewater is used. The low conductivity would highly reduce the proton/ion 
mobility, bringing high ohmic loss and reducing the energy recovery 
efficiency. In addition, in an up-scaled reactor, the anodic acidification and 
cathodic alkalization also present another problem, increasing overpotential 
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and reducing the material stability. Finally, the utilization of membrane or not 
is an issue, if present as a physical barrier, the cost would be increased; if 
eliminated, oxygen would be diffused to the anode, consumed by 
exoelectrogens at the anode, generating fewer free electrons, thus reducing 
energy recovery efficiency.  
6.2.1.2. Design constraints as determined by scaling up 
Different from lab-scale reactors, the problem of electron collection on 
both electrodes is amplified in an up-scaled reactor. For example, a 
rectangular anode is increased by 100 in the length (l) from centimeter scale to 
meter scale, and the surface area for electron collection is increased by 100 
accordingly. Assuming the biofilm density is identical, the electron 
amount/current density (i) is increased by 100. According to the equation, 
η=iR =iρ× l/A (A is the cross-sectional area of electrode), the overpotential is 
increased by 10000. Normally carbon electrode is used because of its good 
biocompatibility and considerably low resistance, which is 1000 times that of 
Cu, yet could be neglected at lab-scale reactor. However, when the reactor is 
scaled up, the resistance is highly increased, and cannot be neglected. 
No matter how the reactor is scaled up, attention should also be placed on 
hydrodynamics and mechanics, i.e. a well designed hydrodynamic system is 
necessary to obtain and maintain a good distribution of anolyte and catholyte 
to the cells from a shared manifold. Whenever there is any clog or any other 
failure of one element, there could be change in pressure drop, a SCADA 
(supervisory control and data acquisition) system needs to be designed to 
integrate in the system for instant response. 
6.2.1.3. Cost and choice of materials 
The capital cost of anode, cathode, and membrane hinders the MFC 
development. In the dissertation, the cheap alternatives of cathode catalyst are 
developed. For the expensive anode (carbon paper/cloth), membrane, cheap 
alternatives are still needed. In the past five years, the price of reverse osmosis 
membrane has been reduced by 50%. It is reasonable to believe that along 
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with the MFC development, anode material and PEM would be much cheaper, 
allowing the future scaling up. This requires the effort of scientists, engineers 
and microbiologists. 
6.2.2 Future trend of MFC development. 
Because of the bottlenecks reviewed above, it is still not timely to scale up 
MFCs now. Several directions are proposed. 
1. Development of cheap alternatives for anode, separator and cathode. 
Take the cathode side for example, based on the current progress for MFC 
research, in the near future oxygen will still be a target for bioelectricity 
generation due to its sustainability and easy availability, therefore alternative 
ORR catalysts shall be explored and utilized. Similar to catalysts in this 
dissertation, they should be cost-effective, active and stable with easy 
preparation method, making commercialization a possibility. It is suggested 
that carbon-based catalyst would be a good choice. 
2. Novel configuration to amplify MFC potential by incorporating other 
energy. Because of the footprint of MFC, the maximum voltage for a typical 
oxygen-based MFC could only reach 1 V. This is too low to be utilized in 
practical application. Chemical energy could be incorporated into MFC system 
for voltage amplification.3 It is reasonable to design stacked reactors with 
continuous flow to make the voltage enhancement, or store the charge in 
super-capacitors to amplify the voltage during discharging. 
3. Other than scaling up, scaling down is another choice, and miniature 
MFCs may be developed. In these miniature MFCs, higher current densities 
are generated because of increased surface area and better adhesion of 
biofilm.4, 5 Another advantage is that the miniature MFC has rapid response 
time6 and high throughput7. These advantages make miniature MFCs a good 
choice as screening system, e.g. anode material optimization, microactivity 
test to select more active exoelectrogenic bacteria. These sensors will be 
beneficial for MFC development. 
4. Exploration of MFC anode or cathode for other applications. In this 
way, the feature of spontaneous reactions could be made use of. As mentioned 
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in chapter 1, the cathode reactions for MFCs were classified by their different 
functions including bioenergy generation, bioremediation and bioproduction. 
Bioremediation function seems to be an economic and efficient technology for 
partial contaminant removal with simultaneous electricity generation. Many 
other target molecules could be investigated to find the special strains for 
cathode bioremediation and incorporated into MFCs. Bioproduction is also an 
interesting direction to explore substitute technology to conventional methods 
which were environmentally detrimental and require high capital and 
operational cost. Each of these functions could be exploited and optimized 
independently or simultaneously (e.g. bioenergy with bioremediation) to fully 
realize the advantages of the respective MFC designs.  
5. Integrate MFCs in the wastewater and sludge treatment line. MFCs do 
not have the capacity to support the whole wastewater treatment system; 
however it could be designed as peripherals, to be incorporated into 
wastewater and sludge treatment line. (1) Sensors and low power silicon 
circuitry could be powered to sense (temperature, pH, pO2, BOD, specific 
chemicals) and store or transmit time resolved data. (2) Light emitting diodes 
or low power lamps to energize indicator lights or local sources of 
illumination. (3) Small scale electric motors, including fans, pumps and 
refrigerators. 
To summarize, MFCs present a bright future with these functions for 
energy and environmental applications, and there are tremendous scopes for 
further research.  
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